Abstract This paper presents an experimental study of the system identification and vibration control of a cantilever beam. For system identification, the ERA/OKID method was used, and for control, an LQR controller was used. The damping ratio of the first mode was effectively increased fro m 0.009 to 0.046.
INTRODUCTION
A relatively new area of engineering is that of smart structures, where actuators and sensors are incorporated into a structure to enable it to adapt to its environment. One application area of importance is the active control of vibrations. This is of concern in this paper. Of particu lar interest is the active vibration control of a cantilever beam using the arrangement shown in Figure ( Prior to imp lementing active control, a dynamic model of the mechanical system is required. Juang and Pappa [1] developed an identification method, which is convenient for this purpose. This makes it possible to represent the system in terms of its state variables. The algorithm used, which was initially called the Eigensystem Realization Algorith m (ERA ) has had two extensions. One is of these is the ERA/DC (with Data Correlat ion) and the other is the ERA/OKID (with Observer/Kalman F ilter). The latter method was designed to be used mainly in the identification of lightly damped structures.
Originally, it was envisioned that this technique could be used for the identification of modal parameters and reduction of dynamic models. However, the ERA can be used as a powerful tool for controller design, using for example, a Linear Quadratic Regulator (LQR).
Nowadays, the ERA and/or the ERA/OKID are widely used in the aerospace sector [2] , vibratory mechanical systems [3] , large civil construction [4] , and automotive vehicle structures [5] .
The purpose of this paper is to assess the ERA/OKID algorith m with an LQR controller through an experiment on a cantilever beam, in which the control actuator and sensor were piezoelectric materials bonded to the structure. The aim was to actively increase the damping so that the free vibration of the beam decayed away much more quickly.
PROB LEM DEFINITION
The problem consists of two parts, system identification and controller design. These are described in this section.
Eigensystem Realization Algorithm -ERA
To identify or achieve the realization of a system it is required to evaluate if this system can or cannot be controlled and/or observed. Of particular concern is the concept of the min imal realizat ion of a system [6] . Consider a linear system, such as the beam in Figure (1 and B nxm are the constant dynamic system matrices containing the physical parameters of the system; C and D are the output and feedthrough matrices respectively and y is the vector of outputs.
According to the algorithm the identification is made by excit ing the structure with an impu lse to obtain the Markov parameters. With these parameters the Hankel matrix H can be determined. This matrix can be deco mposed into its singular values, so that (2) where the matrices R and S are orthonormal and Σ is a rectangular diagonal matrix. The matrices that describe the realizat ion in state space are obtained by
where E r and E m are matrices composed of identity matrices and matrices of zeros. The superscript T indicates the transpose of the matrix. The subscripts m, n and r are the number of outputs, the order of the system and the number of inputs respectively and indicate that the matrices are truncated versions of their orig inal. The hat on the matrix indicates that the matrix is the identified one. The subscript 0 in Y 0 indicates that the Markov parameter Y corresponds to time step k equal to zero.
Identification using an Observer/Kalman Filter
When the free vibration of a structure, excited by an impulse, has a very small decay rate there is a large computational effort when the ERA method is applied [7] . However, a state observer can be added that introduces artificial damp ing in the system reducing the length of the data vector acquired. This method is called OKID [8] . Mathematically, the system turns in another one, where the Markov parameters are obtained from the observer. The OKID method recovers the Markov parameters of the real system and the gain of the observer. One of the great advantages of this method is the ability to obtain the impulse response of the real system fro m any kind of input signal [9] , which can then feed the ERA algorith m.
Adding and subtracting the term Gy(k) to the right-hand side of the equation of state in Equation (1) results in (7) where ; ;
The description of input-output for Equation (7) in matrix form beco mes: (8) where is the matrix of observer Markov parameters, and
(0) ( p 1)
In this case y is the output data matrix with dimension m x l where m is the number of outputs and l is the number of acquired data.
LQR Controller
In modern control theory, the LQR controller has an important place. This controller ensures excellent stability margins and good disturbance rejection [10] . The method allo ws the adoption of a performance index, wh ich can optimize the response of the system. The LQR controller is based on the minimization of a quadratic criterion which is associated with the power of the state variables and control signals.
Consider the system to be controlled wh ich is described by Equations (1a,b) .
The quadratic optimal problem is to determine the constant matrix K of the control vector in (9) The mat rix K mn must be determined in order to minimize the performance index of the system given by (10) where Q is a real symmet ric positive definite matrix (or positive semi-defin ite) and R is a real symmet ric positive definite matrix. The Q and R matrices are typically chosen to be diagonal matrices.
It is necessary to solve the Riccati matrix Equation given by

A T (P-PB (R+B T PB ) -1 B T P)A + Q -P = 0
for a positive Q to determine the elements of matrix K which minimizes the performance index.
The mat rix of gains K can be found fro m
EXPERIMENTAL WORK
The techniques described in section 2.2 were applied to identify the state-space matrices (A, B, C and D) of the alu min iu m cantilever beam with dimensions 35.4 x 42 x 2.0 mm. The system was excited by random noise using a LeadZirconate-Titanate (PZT) actuator with dimensions: 42 x 23 x 0.2 mm. The vibration was measured using a Polyvinilidene-Fluoride (PVDF) patch of dimensions 30.0 x 10.0 x 0.2 mm positioned at the root of the cantilever as shown in Figure (1) .
A DSpace data acquisition board was used to convert the analog signal to a digital signal. A low pass filter with a cutoff frequency of 100Hz was used to attenuate unwanted high frequencies.
The experiment was divided into two parts: the first was identify a dynamic model o f the cantilever beam using the ERA/OKID algorith m; the second was to design an LQR controller based on the system identified.
Once the Markov parameters of the system were obtained, the ERA algorith m was applied using the Hankel norm model technique [11] to determine the following system matrices. 
Once these matrices were known it was possible to design a controller to reduce the free v ibration of the cantilever beam. MATLAB has the command lqr that solves the Ricatti equation and determines the optimal retroaction matrix K. As the matrix R is associated with the magnitude of the control signal, it must be chosen so that the voltage of the control signal does not exceed a crit ical value. In the experiment, the input voltage was applied to the PZT actuator, which had a critical voltage of approximately 180 V. Therefore, to check the voltage level input a numerical simu lation was carried out in the MATLAB® Toolbox simulink . Figure ( 2) co mpares the Frequency Response Function (FRF) of the real system with the identified system for the first two modes of vibration. . 2. Comparison between the FRF's (a) magnitude, (b) phase.
As the modeled system consists of five state variables, and PVDF can capture only one signal, it is necessary to use a state observer to estimate the other states. The estimat ion of the states was made in closed loop. The observer was determined using (13) where e is the error vector between the real state and the estimated state; L is the matrix of the observer gains.
If the eigenvalues of (A-LC ) have negative real parts, then the error tends to zero. In the experiment the gain L was calculated using the MATLAB co mmand place. Figure  (3 
The matrix R is actually a scalar, and was chosen to be 0.2.The matrix Q was chosen as an identity matrix of order 5. The control signal sent to PZT during the simulat ion is shown in Figure (4) . The first test was conducted without controller action: the operator provided an impulsive input, at the edge of the beam which caused it to oscillate freely. The controller was then turned on and, again, the operator provided an impulsive force, roughly equal to the first touch, at the same edge. The comparison between the uncontrolled vibration and the controlled vibration is shown in Figure (5) . 
DISCUSS ION
Fro m the results it can be observed that the experimental method of identifying ERA/OKID is effect ive, as is the LQR controller in suppressing the free vibrations of the cantilever beam. The performance of the control signal during the simulation is evident in Figure (4) , where it is observed that the input signal reached a peak of about 150V ensuring the physical integrity of the actuator. After observed that it is safe to perform the experiment. It is noted that the uncontrolled system took about 20 seconds to come to rest while the controlled system took only about 2.5 seconds in Figure (5) .
The choice of the number of Markov parameters and the estimated order of the physical system is arbitrary, and so the experience and intuition of the designer is impo rtant.
CONCLUS IONS
This paper has described an experimental study into the control of a cantilever beam. LQR control was imp lemented, which required a state-space model of the system. This was achieved using the ERA/OKID system identification technique with the beam being driven with random noise. The subsequent model was reduced to a fifth order model. An impulsive force was applied to the tip of the beam, and the controller, which sensed vibration using a PVDF patch at the root of the beam, and applied a control force through a collocated PZT actuator, significantly reduced the time for the transient vibration to decay away. The damp ing ratio of the first mode was increased fro m 0.009 to 0.046 demonstrating the efficacy of the control strategy.
